In this paper, we investigate the adsorption of water monomer on fluorinated graphene using state-of-the-art first principles methods within the framework of density functional theory (DFT). Four different methods are employed to describe the interactions between water and the carbon surface: The traditional DFT calculations within the generalized gradient approximation (GGA), and three types of calculations using respectively the semi-empirical DFT-D2method, the original van der Waals density functional (vdW-DF) method, and one of its variants. Compared with the adsorption on pristine graphene, the adsorption energies of water on fluorinated graphene are significantly increased, and the orientations of water diploe moment are notably changed. The most stable configuration is found to stay right above the top site of the C atom which is bonded with F, and the dipole moment of water molecule aligns spontaneously along the surface normal.
Introduction
The interaction between water and carbon-based materials such as carbon nanotube, graphite and graphene plays a critical role in the daily life phenomena ranging from wetting, lubrication, heterogeneous ice nucleation and growth, surface catalysis, to the function of carbon nanostructures in biological environment, etc.
Investigations on this topic have attracted a lot of interests of research in the past decades. For instance, water can exhibit novel phases and anomalous properties when it is confined in carbon nanotube [1, 2] . In the simulation of water in confinement [1] or the super-lubricity of water transport in carbon nanotube [3] , the water-carbon interactions play a decisive role, which are usually described by empirical force filed.
The parameters of empirical force filed are obtained either by fitting the interatomic potentials from quantum mechanical calculations on small molecules or by reproducing the bulk properties measured by experiments. It remains open about the validity of such empirical force filed in describing the properties of interfacial water at atomic scale. Traditional first-principles calculations based on density functional theory (DFT) are shown to be insufficient to describe the weak water-carbon interactions where the van der Waals (vdW) interactions count [4, 5] . Indeed, the adsorption of water molecules on carbon-based systems serves as a good playground for testing the theory of vdW interactions [4] [5] [6] .
Upon chemical modifications, graphene and the other recently discovered two-dimensional (2D) materials (e.g., phosphorene, borophene) can exhibit unique properties with comparison to the pristine ones [7] [8] [9] [10] [11] . Specially, the adsorption of water can have nontrivial effects on the structural and electronic properties of the underlying 2D material, which in return affects the adsorption structure of water molecules [12] [13] [14] . In this work, we study the adsorption of water on fluorinated graphene (abbreviated as F-Gr hereafter), i.e., graphene whose surface decorated with F atoms, to explore the effects of chemical modification on the strength of water-carbon interactions. Fluorination is chosen here by considering the fact that F is the most electronegative element and is expected to induce larger charge perturbations on the graphene substrate with comparison to hydrogenation and oxidation. It is found 3 that the adsorption of water on the fluorinated graphene is enhanced with comparison to the case of water adsorption on pristine graphene [4, 5] . Due to the dipole-diploe interactions between water molecule and the F-Gr substrate, the adsorption geometries are also significantly modified.
Computational and Modeling Methods
The first-principles calculations are performed using the VASP code [15, 16] , which is based on density functional theory (DFT). A plane wave basis set and the projector-augmented-wave (PAW) potentials [17, 18] are employed to describe the electron wave function and the electron-ion interactions, respectively. The exchange-correlation interactions of electrons are described by the PBE type functional [19] . The energy cutoff for plane waves is 600 eV. For structural relaxation and total energy calculations of the H 2 O/F-Gr system, an 8×8×1 Monkhorst-Pack k-mesh [20] is generated for sampling the Brillouin zone (BZ). In the description of the van der Waals interactions between water and F-Gr, three types of methods, i.e., the semi-empirical DFT-D2 method of Grimme [21] , the original van der Waals density functional (vdW-DF) by Dion et al. [22] , and the optPBE-vdW (variants of vdW-DF) density functional by Klimeš et al. [23, 24] , are employed to make a comparison. The F-Gr substrate on which the water monomers are adsorbed is modeled by decorating two F atoms on the (3×3) supercell of graphene sheet, separated by a vacuum layer of ~ 15 Å in the surface normal (z-direction of supercell) to minimize the artificial interactions of the neighboring images due to periodic boundary condition. The two F atoms are decorated on the top sites of the underlying C atoms, being the third nearest neighbors of each other. Such an adsorption configuration is the most stable configuration for the one-side adsorption of F 2 molecule on graphene [25] . The F-Gr substrate is schematically shown in Fig. 1 , in which the C atoms which are bonded with F atoms are slightly lifted upward along the z-direction. The geometric parameters describing the F-C local bonding configuration are tabulated in Table 1 . Since we are interested in how the water-carbon interactions are affected by the electrical polarity introduced via F decoration, the water monomers are adsorbed on the other side of graphene, to avoid the direct contact and possible bonding of water with F atoms. The adsorption energy of water monomer is calculated as follows: 
Results and Discussion
We begin with studying the adsorption of water monomer on pristine graphene.
It is found by previous calculations using different types of functionals for the vdW interactions [4, 5] , that the configurations with one or two OH bonds of the water molecule pointing downward to the graphene sheet are energetically favored, which have similar adsorption energies and are therefore of similar stability. In this context,
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either of the two configurations is enough to model the water-graphene interaction, and we choose the configuration with one OH bond pointing vertically towards the graphene surface, which is energetically slightly favored than the configuration with two OH pointing downward [5] . As shown in Fig. 2 , it is obvious that the angle θ formed between the surface normal ( ⃑ ) and the dipole moment ( ) of the water molecule, is an obtuse angle ( Table 2) . After structural relaxation, the adsorption energies and the parameters describing the adsorption geometries, including the distances of the water molecule to the graphene sheet Z O , and the normal-dipole (⃑ -) angles θ, are listed in Table 2 , for the calculations using the four different methods.
The adsorption energies and geometries compare well with the data reported in previous works [4, 5] In the first situation where there is no direct contact between the adsorbed water monomers and the C atoms which are bonded with F (Fig. 3) , the initial adsorption configurations are modified after structural relaxation: The configuration shown in For both configurations, the O atoms are directed towards the F-Gr substrate after relaxation, with the dipole moments of water forming acute angles (Table 3 ) with the surface normal. Compared with the case of adsorption on pristine graphene, adsorption energy calculated by PBE, vdW-DF and optPBE-vdW methods is notably increased, whereas it remains nearly unchanged for calculations using the DFT-D2 method. In the second situation where the water monomers are absorbed at the top site of one of the C atoms which are bonded with F (Fig. 4) , similar changes in both adsorption configurations are found after structural relaxation: The initial configuration with one OH bond pointing vertically downwards (Fig. 4(a) , labeled as On the other hand, the adsorption energy predicted by DFT-GGA calculation (PBE type functional) is much smaller than the values given by the DFT-D2, vdW-DF and optPBE-vdW methods. This is understandable. Traditional DFT-GGA calculation largely neglects the vdW type interactions due to the semi-local nature of the GGA correlation functional [22] . On the contrary, the other three methods include explicitly the vdW type interactions into the total energies of the system [21] [22] [23] [24] . The difference of adsorption energies calculated by the three methods roots in the way of description:
DFT-D2 is a semi-empirical method while the vdW-DF and optPBE-vdW incorporate the vdW interactions by modifying the exchange-correlation functional.
As shown in Figs Using the Bader charge analysis [26, 27] , we are able to calculate the number of electrons intuitively assigned to each atom. For the most stable adsorption configuration, i.e., Configuration 4 ( Fig. 4(b) ), the number of valence electrons assigned to the two C atoms (labeled as C_1, C_2) and the two F atoms (labeled as F_1, F_2) bonded with them are illustrated in Fig. 6 , for different methods. With reference to the charge-neutral state, in which the number of valence electrons is 4 for C and 7 for F (Fig. 6) , the net charge assigned to C_1, C_2, F_1, F_2 is respectively ~ +0.52e, +0.48e, -0.62e, -0.62e by PBE, ~ +0.54e, +0.55e, -0.63e, -0.63e by DFT-D2, +0.41e, +0.39e, -0.57e, -0.57e by vdW-DF, ~ +0.42e, +0.42e, -0.58e, -0.58e by optPBE-vdW. The slight difference between the net charges of the two C atoms (C_1, C_2) is due to the weak water-carbon interactions after the adsorption of water monomer atop of one of them. To demonstrate this point and to get more insights into the water-carbon interactions, we have further studied the charge density difference of Configuration 4, 11 before and after the adsorption of water monomer. The charge density difference is calculated using the following formula: Then it is natural to ask which type of the vdW methods better describes the water-(F-Gr) interactions. From the calculation of adsorption energy of water monomer on pristine graphene, the DFT-D2 method performs slightly better than the other methods when comparing with the data given by random phase approximation
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(RPA) and diffusion Monte Carlo (DMC), which is ~ 0.07 to 0.08 eV [4, 5] . However, the differences (< 0.02 eV) of adsorption energies given by the three methods (DFT-D2, vdW-DF, optPBE-vdW) are within the error bar of calculations. The DFT-D2 method treats the vdW interactions by adding a semi-empirical atomic-pairwise potential term (in the form of C 6 /R 6 ) to the conventional Kohn-Sham DFT total energy [21] . Both the vdW-DF and its variant optPBE-vdW deal with the vdW interactions by including the long-range part of the correlation interaction (nonlocal correlation) into the exchange-correlation functional [22] [23] [24] . Despite the difference in the GGA-type exchange functional [22] [23] [24] , the vdW-DF and optPBE-vdW predict essentially the same adsorption energies and geometries for water adsorption on F-Gr (Table 3 ). In the sense of "ab initio" calculations, vdW-DF and optPBE belong to higher-level approaches which employ fewer empirical parameters and are logically more self-consistent with comparison to DFT-D2. To find out which one is better, one needs the data of experimental measurement; or the data obtained from the more accurate theoretical methods such as RPA or DMC, whose huge computational burden is, however, beyond our affordable supercomputing resource. Nevertheless, experimental data should be the ultimate benchmark to figure out the best theoretical method. Despite the numerical differences, the following trend is the same: 1) Enhancement of adsorption energies ( In spite of such differences, the dipole-dipole interactions between water molecule and the underlying fluorinated graphene surface lead to good convergence between the total energies of the two initially different adsorption configurations after ~ 40 steps of structural relaxation (Fig. 8) . Similar convergence behavior is observed for the calculations using DFT-D2, vdW-DF, and optPBE-vdW. This trend is also evidenced by the adsorption energies and geometric parameters tabulated in Table 3 .
The adsorption energies of the same adsorption situation converge to within 5 meV for relaxations using the three fully self-consistent methods (PBE, vdW-DF and optPBE-vdW), while slight divergence is observed for results given by DFT-D2 due to the semi-empirical nature of this method. 
Summary
In conclusion, we have examined the adsorption of water monomer on fluorinated graphene using first-principles methods, including traditional DFT-GGA calculations, the semi-empirical DFT-D2 method and the van der Waals density functional and one of its variants to treat the van der Waals interactions between water and carbon surface. The water-carbon interactions are found to be significantly enhanced and the dipole moments of the adsorbed water molecules align spontaneously with the surface normal direction of the F-Gr sheet, along with the existing strong electric dipole moments due to F decoration. The significant enhancement of adsorption energies indicates that, the wetting properties of water on graphene surface can be manipulated by fluorination. For instance, by fluorination and de-fluorination, the graphene surface may be switched between hydrophobic and
hydrophilic, which can be tested by measuring the contact angles of water droplets.
Our work demonstrates the possibility of tuning the strength of water-graphene bonding with F-decoration, and thus the strength of friction and lubrication at nanoscale. Table 1 . The geometric parameters describing the fluorinated graphene for water adsorption: C-F bond lengths (L CF ), the equilibrium distance of the decorated F atoms (labeled as F_1 and F_2) with reference to the pristine graphene surface (Z F ), and the angles (α, β, γ) formed between the adsorbed F and the C atoms nearby (Fig. 1) . 
